e have developed a novel gene delivery scaffold based on DNA plasmid condensation with colloidal gold/polyethylenimine conjugates. This scaffold system was designed to enable systematic study of the relationships between DNA complex physical properties and transfection efficiency. Using an enhanced green fluorescent protein-coding reporter plasmid and a Chinese hamster ovary cell line, we have measured the transfection efficiencies of our complexes using flow cytometry and their cytotoxicities using the trypan blue assay. We have also assayed complex particle morphologies using atomic force microscopy, photon correlation spectroscopy, and a novel plasmon absorbance peak position analysis. We achieved comparable rates of transfection relative to the commonly used polycationic condensation agents calcium phosphate and LipofectAMINEt, with comparably low cytotoxicities. In addition, by manipulating colloidal gold concentration, we could partially decouple complex physical properties including charge ratio, size, DNA loading, and polyethylenimine concentration. Our morphological analyses showed that complexes with a diameter of a few hundred nanometers and a charge ratio of B8 perform best in our transfection efficiency assays. The use of colloidal gold as a component in our delivery system provides a versatile system for manipulating complex properties and morphology as well as a convenient scaffold for planned ligand conjugation studies.
Introduction
Nonviral methods of gene delivery have experienced limited success to date due to their failure to incorporate a gene delivery scaffold that successfully combines physical and chemical stability and low toxicity with high delivery efficiency. Attempts to optimize transfection efficiency in one design plane often result in negative trade-offs in others. Although one would hope to be able to learn from previous investigators' experience, and ideally to use it to establish some understanding of rational vector design criteria, the confounding of formulation variables, and hence, complex properties, between these studies has made this goal elusive; the overall design process remains extremely challenging. This suggests that the development of a quantitative design framework centered on the physical, chemical, and biological properties of a delivery system is the necessary next step in tackling nonviral vector synthesis.
In order to develop such a framework, one must begin with a rational carrier synthesis process that incorporates flexibility into the target delivery vehicle. Towards this aim, the physical and chemical properties of the carrier such as surface charge, size, and shape must be tunable and also uncoupled to the extent possible. In addition, the delivery system must be amenable to the incorporation of ligands for targeting the plasma membrane of specific cell types, for endosomal escape, and for nuclear targeting. A colloidal scaffold designed to satisfy these criteria will enable the systematic study and optimization of the effects of these characteristics in vitro, via the implementation of rational vector screening assays followed by the quantification of delivery kinetics and the identification of bottleneck steps.
To date, many nonviral vectors have been based upon a polycationic core, either in the form of an inorganic aggregate such as calcium phosphate, or a polymer or peptide-based entity. [1] [2] [3] [4] Of these, a significant portion have relied upon the use of polyethylenimine (PEI) as a carrier base due to its established efficiency as a gene compaction and delivery reagent. 2, [5] [6] [7] [8] [9] PEI has the highest cationic charge density of any macromolecule and is thus conducive to DNA condensation. 2, 5 While PEI has been employed with relatively good success in gene delivery studies, there are some significant drawbacks in its use related to the difficulty in balancing complex charge ratio and size effects. In particular, while transfection is found to be most efficient with net cationic polymer/DNA complexes, cytotoxicity is also found to increase as the net particle charge departs from neutrality or as the concentration of polymer is increased beyond that necessary for efficient gene delivery. [1] [2] The coupling of size with charge ratio confounds the issue further, as particles with less toxic, lower charge ratios are generally larger and thus have poor delivery efficiencies due to their hindered diffusion and poor membrane transport. 5 Ideally, in order to improve upon the properties of existing PEI delivery vectors, one would need to examine ways to mediate effective delivery with complexes bearing low net charge. This, in turn, would require independent control over size and charge ratio.
One potential solution to this problem has been explored by Zanta et al. 5 This group has stimulated uptake of PEI-based carrier systems at neutral charge ratios, where specific endocytosis into hepatocytes is mediated by galactose ligands conjugated to the PEI via lactose/PEI (amine) imine linkages. This group found that, as expected, uptake in hepatocytes is efficient and greatly enhanced over nonreceptor bearing cells (NIH 3T3) at neutral charge ratios where nonspecific uptake is essentially nonexistent. 5 They were nonetheless unable to modulate the size of their complexes, commenting that samples of PEI-gal/plasmid complexes were still large, highly polydisperse, and presumably unstable.
We propose to take advantage of the significant body of work with PEI as a nonviral gene scaffold and attempt to add to its utility and flexibility by the incorporation of colloidal gold. The colloidal gold may be viewed as a scaffold-within-a-scaffold, permitting ready manipulation of its surface chemistry, size, and functionalization. We will show that this inclusion allows us better control of particle size, morphology, net charge, and targeting ligand incorporation than that possible with the polymer alone. In addition, by using a solid surface for ligand attachment, one can site-specifically attach ligands for maximal conformational accessibility. Further, gold colloids bearing a range of surface chemistries or ligand types may be mixed and matched, conferring a range of functionalities to the overall DNA complex. Shown in the schematic in Figure 1 is a presentation of the components of our hybrid system.
The colloidal gold component of our system is a suspension of nanometer scale, relatively spherical particles with an Au 0 core and an adsorbed layer of AuCl 2 À anions that impart a negative surface charge. 10 Colloidal gold is an attractive component for a gene delivery system for a number of reasons, including its ease of preparation. Colloidal gold synthesis is well understood, and there are a variety of known synthetic preparation methods based in both aqueous and organic solvent systems that span a range of sizes from a few nanometers up to about a tenth of a micron. [11] [12] [13] In addition, colloidal gold has a history of use in biological and medical applications with no known inherent cytotoxicity. 10, 14, 15 Colloidal gold's high electron density allows its direct imaging via electron microscopy and its unique surface plasmon resonance properties provide a convenient handle on the aggregation state of the colloid. 10, 14 Colloidal gold reacts selectively and covalently with thiol or disulfide-containing reagents, allowing a straightforward route to covalent ligand-gold conjugation for surface chemistry manipulation or targeting purposes. 12, 13, 16, 17 Finally, it may also be possible to display targeting groups on the surface of the colloidal gold particles by simple direct physical adsorption. 15 Many investigators of nonviral gene scaffolds have used the charge ratio, or ratio of cations to anions in a formulation, to quantify the amount of polycationic carrier relative to the amount of DNA in their complexes. 1, 18, 19 In the case of polyethylenimine-based systems, the definition of charge ratio becomes ambiguous because the fraction of protonated amines in PEI/ DNA complexes at physiological pH is poorly understood. 2 In these cases, charge ratio is frequently redefined as the number ratio of PEI amine to DNA phosphate moieties (N:P). Zanta et al 5 have used zeta potential measurements to further clarify this definition, finding that an N:P ratio of 3 gives essentially neutral complexes. For our purposes, we will define the charge ratio, R, with a slight modification to incorporate the surface charge of the colloidal gold:
Both complex charge ratio and complex size generally have a big effect on controlling transfection efficiencies in vitro. 2, 6 As noted, net cationic particles generally provide higher nonspecific transfection efficiencies than neutral or anionic ones, due to negatively charged residues residing on the extracellular surface of the plasma membrane. Excessively large particles of several microns or more are generally both unstable in terms of their tendency to aggregate, and display poor efficiencies in transfection. Unfortunately, DNA complex charge ratio and size are generally found to be highly coupled, making it particularly difficult to distinguish their individual effects. We have found that the incorporation of colloidal gold into our scaffolds allows us to form stable particles and to partially uncouple charge ratio and size over a range of charge ratios, making our system especially attractive for studying general trends in nonviral gene delivery.
In this paper, we have two primary goals. First, by using a series of colloidal gold PEI/DNA formulations with systematically varied charge ratio, we look to establish 'proof of principle,' and to thereby establish our hybrid carrier as a valid DNA delivery system over this range of conditions. Simultaneously, by rigorously characterizing the morphologies of the complexes in each of these formulations, we will begin to elucidate the relationship between complex structure and functional Colloidal gold-PEI conjugates for DNA condensation MM Ow Sullivan et al delivery. In particular, with our methodology, we will lay the groundwork for further elucidation of the mechanics of efficient scaffold transport using well-defined and characterized carrier vehicles.
Results
Size and morphology of colloidal gold/PEI conjugates Complex morphologies were assayed as a function of charge ratio with atomic force microscopy using both the height and the phase modes. The DNA and PEI contents of the complexes in this work were held constant. DNA-PEI complexes in the absence of colloidal gold had a charge ratio of 10. Increasing amounts of colloidal gold were used during complexation to generate the lower charge ratio complexes. Morphologies were found to be charge ratio dependent, where particles displayed hairlike projections of PEI at higher charge ratios, likely due to charge repulsions between strands of PEI. As the charge ratio decreased towards neutrality due to higher concentrations of colloidal gold, particles displayed fewer such projections ( Figure 2 ). Complex shapes were increasingly irregular as the charge ratio decreased, shifting from relatively spherical to a more free form, globular morphology with a high aspect ratio. Colloidal gold particles were evident in complexes as raised areas approximately 11-14 nm higher than adjacent areas. From a rough height analysis, increases in colloidal gold particle density in complexes appeared to be roughly proportional to increases in bulk colloid concentration, consistent with intuition. In addition, phase plots, indicative of energy dissipation due to attractive tipsample interactions or to increases in sample viscosity, reflected these increases in complex density.
Average plasmid/colloidal gold/PEI complex sizes were measured manually from atomic force microscopy height plots and automatically using photon correlation spectroscopy ( Figure 3 ). Complex particle size was found in general to increase with decreasing charge ratio, with the most marked increases occurring at low charge ratios where the particles neared neutrality. In contrast, at higher charge ratios, particle size was relatively uncoupled from charge ratio, with only gradual increases in complex diameter as the charge ratio decreased. Particle stability was relatively poor and polydispersity high for the largest, nearly neutral complexes.
Trends in size variation with charge ratio were found to be similar using the two techniques, although the light scattering measurements gave systematically smaller sizes over the range of charge ratios examined. This difference is attributed to flattening and overlap effects that occurred during AFM sample drying, and to ambiguous PCS results due to ill-conditioning of dynamic light scattering analysis equations under conditions of high polydispersity. To account for flattening effects, we can apply a correction to AFM-generated diameter measurements based on the assumption that complex volume is conserved during AFM sample preparation. This gives the following relationship between the flattened disk diameters and the corresponding unflattened spherical diameters:
where d s is the sphere diameter, d d is the disk diameter, and h d is the disk height. Corrected diameters, using average complex heights from the corresponding AFM height plots, are shown in Figure 3 , illustrating the good correlation between these diameters and those obtained via PCS. We attribute the minor remaining systematic difference between the results from the two techniques to our conserved volume assumption. Since we dry the particles to perform AFM measurements, we must incur some minor volume loss, which could then explain these slightly smaller corrected diameters in comparison with those determined by PCS.
Complex size was also found to be correlated with the position and breadth of the gold colloid plasmon resonance peak. As noted above, a relatively narrow absorbance peak is evident at B520 nm for a suspension of bare gold colloid of 13 nm nominal diameter, but shifts to longer wavelengths and broadens with decreases in interparticle spacings to B1 colloid diameter or less (Figure 4 inset). As the plasmon resonance position reports on the relative proximity of gold colloids to one another, the observed correlation of peak position with particle size (Figure 4 ) reflects increases in the density of colloid per particle as particle size increases. Visible spectroscopy thus provides a probe for intraparticle packing.
DNA binding capacity
The DNA binding capacity of colloidal gold/PEI was assayed via agarose gel electrophoresis. Following Figure 2 AFM images of DNA-PEI-collidal gold complexes shown with the charge ratio decreasing from left to right (top row: height plots; bottom row: phase plots). DNA and PEI contents are constant; charge ratio is manipulated by varying the colloidal content. Note the charge ratio of 10 represents complexes formed from DNA and PEI alone; complexes at this charge ratio serve as the colloidal gold-free control.
Colloidal gold-PEI conjugates for DNA condensation MM Ow Sullivan et al complex formation, aggregates and a naked plasmid control were electrophoresed in agarose. Since all detectable fluorescence remained in the wells in lanes where complexes were loaded, we concluded that the plasmid was essentially 100% complexed ( Figure 5 ).
Colloidal gold uptake assay
To evaluate the dependence of EGFP expression on total carrier uptake, we tagged the colloidal gold component of the complexes with a fluorophore and simultaneously tracked EGFP expression and complex uptake using a fluorescence-based assay. Colloidal gold was labeled with a red fluorescent dye (Alexa Fluor s 647) and used as described for plasmid condensation. Transfected cells were then examined in both the green and red channels using fluorescence microscopy to qualitatively test for colocation of our EGFP construct in those cells which showed evidence of carrier (colloidal gold) penetration. As seen in Figure 6a , with representative images of CHO cells exposed to the charge ratio 7 complexes, green and red fluorescence were indeed found to be colocated, indicating the presence of colloidal gold in all expressing cells. Further, examination of fluorescence intensity histograms from flow cytometric measurements for this same system showed a correlation between increases in green fluorescence and increases in red fluorescence in any given cell (Figure 6b ).
Transfection efficiency is a function of charge ratio and complex size
Transfection efficiencies were assayed using flow cytometry, and were found to be best for complexes in the smaller (B200-300 nm) size ranges. This finding is in agreement with those in the literature: condensates with diameters of up to a few hundred nanometers are both more stable and more efficient than larger ones. 5, 8 Transfection efficiency reached a maximum for a charge ratio of approximately 8, where cationic complexes could bind nonspecifically to anionic cell surface residues 2, 5 ( Figure 7a ). This finding is also similar to those of other investigators using polycation-mediated gene delivery methods, which in general show that while DNA binding may occur at near neutral charge ratios, effective complexation requires a cationic excess. 1 Further, for efficient transfection, polycationic delivery complexes are found to be most effective at charge ratios around 10, reinforcing the belief that complexes must bear a net cationic charge in order to effectively deliver plasmid DNA in the absence of any mechanism designed to stimulate specific uptake. 1, 2, 8 Transfections with bare gold were found to give undetectable expression using Figure 4 Correlation of average complex diameter, as determined by atomic force microscopy, with gold plasmon peak position. Inset shows representative UV spectra for a 4 nM gold colloid suspension and the DNA-PEI-colloidal gold complex of charge ratio 1.9; the overall colloidal gold concentration in the complex sample was 2 nM. Error bars as in Figure 3 . 
LipofectAMINEt-mediated complexes were found to achieve transfection efficiencies of 11-28%, depending upon the specific ratio of lipoplex to plasmid (Figure 7b ). Standard deviations between the three replicates were large, which was attributed to the extreme polydispersity exhibited by manufacturer supplied LipofectAMINEt formulations. As a result, the charge ratio of maximal efficiency for this system was difficult to discern, but was estimated to be in the range of 5-20. In this range, transfection efficiencies were comparable to the highest transfection efficiency achieved by colloidal gold/PEI conjugates. Calcium phosphate condensates, on the other hand, were found to achieve transfection efficiencies of close to 5% when formulated under optimized conditions taken from the literature; 20 these complexes had a charge ratio of about 6667 (Figure 7b ).
Cytotoxicity is independent of complex properties
The cytotoxicity of the colloidal gold/PEI delivery system was examined using the trypan blue assay. In general, toxicity was found to be low and uncorrelated with the efficiency of transfection, charge ratio, or morphology of the complexes over the range of conditions examined (Figure 8 ). While this result contrasts with some previous findings, 21 the discrepancy can be explained as a result of the inclusion of colloidal gold in the complexes. More specifically, since the toxic effects of PEI are attributed to its high charge density, we hypothesize that the colloidal gold may exert an effect simply by reducing the complex charge density over all conditions examined. The cytotoxicities of the high charge ratio LipofectAMINEt formulations were much higher than those of the colloidal gold/PEI systems. In addition, those cells that did survive LipofectAMINEt treatment were judged visibly to be in poor health, as they were swollen and displayed blebbing. Given that the colloidal gold/PEI systems were able to mediate similar maximal transfection efficiencies to the LipofectAMINEt formulations, but without the corresponding loss of cell viability, we judged the colloidal gold/PEI systems as promising and meriting further investigation. LipofectAMINEttransfected cells' viabilities decreased with increasing charge ratio from about 95% viability at a charge ratio of 5 to about 53% viability at a charge ratio of about 29 ( Figure 8 ).
Discussion
An effective nonviral gene delivery system has a number of requirements to fulfill, including particle stability, low cytotoxicity, and efficient delivery. In order to pinpoint those scaffold properties principally responsible for these effects, we sought to develop a highly flexible gene delivery system in which such properties could be independently controlled. In particular, we sought to accomplish two primary goals in this paper. First, we were interested in establishing 'proof of principle' with a colloidal gold/PEI/DNA delivery system by showing that it stimulates transfection of cultured cells over a range of positive, low charge ratios, and that it does so with low cytotoxicity. We chose this system in particular because of PEI's established history as an effective DNA condensation reagent, and because we postulated that colloidal gold would add to the flexibility of the delivery system.
Subsequent to that, we wanted to show that our system has utility as a tool for elucidating the in vitro structure/function relationships of polycation-based gene delivery systems. Such quantitative assays are currently relatively unprecedented and absolutely crucial for directing further developments in this area. To that end, we have rigorously characterized our complex morphologies as a function of charge ratio using atomic force microscopic imaging, dynamic light scattering, and a unique surface plasmon resonance technique to probe the colloidal gold environment within the complexes. We showed that we could produce a range of complex diameters from a few hundred nanometers up to a few microns, and that over the important range 5oRo10, we could partially uncouple complex charge ratio and particle size. We then established correlations between the structural features of our complexes and their performance at cell transfection, thereby laying out a framework for future studies.
We found that the incorporation of colloidal gold into a PEI-based plasmid compaction and delivery system added several important features. First, it allows tuning of complex physical, chemical, and biological properties with a moderate degree of independence. More specifically, it not only allowed the partial uncoupling of charge ratio and complex size noted above, but also allows the possibility of examining the effects of different DNA loadings without concomitant changes in PEI concentration, charge ratio, or size.
We also believe that the addition of colloidal gold to this system may increase transfection over that of PEI-DNA complexes by virtue of increasing the density of the transfection complexes. More specifically, this increased density would act to increase complex sedimentation onto cultured cells, thereby promoting cellular uptake.
Our current work is focused both on the investigation of these density effects, and on the expansion of our system to the study of specific endocytotic uptake. Colloidal gold is an excellent platform for straightforward incorporation of targeting ligands containing thiol or disulfide moieties, including a wide range of small molecules as well as proteins or peptides. This characteristic, in fact, presents the potential for a combinatorial approach to assaying ligand incorporation effects. As such, we will conduct studies employing pools of ligand-linked gold at various charge ratios, and thereby investigate the effects of each pool individually and in combination. Paired with an appropriate computational gene delivery model, this scaffold system should permit a rational analysis of the complex properties required to traverse transfection bottlenecks for nonviral particlebased gene delivery.
Further, we are investigating a membrane-based particle size fractionation of our complexes following formulation in order to isolate the small tail end of the particle size distributions for each of our formulations. With such a technique, we could not only open the door to the specific import mechanism of plasma membrane transport by using small complexes, but also could further uncouple our size and charge ratio effects by isolating different sized fractions of complexes that all had the same net charge ratio. Perhaps most intriguing, this technique could be used to isolate small, neutral complexes upon which cell targeting would be expected to be most effective. As mentioned by Zanta et al, 5 targeted neutral particles could better avoid nonspecific interactions with polyanionic components of the ECM than polycationic ones, thereby both enhancing their specificity for a target cell line and reducing losses of nucleic acid. 
Colloidal gold synthesis
Colloidal gold was prepared using a modified version of Frens' 11 preparation technique developed by Grabar et al. 22 All glassware was rigorously acid washed prior to use, and all solutions made using 18 MO deionized, 0.2 mm filtered water. To summarize, 100 ml of a 1 mM aqueous solution of tetrachloroauric acid was reduced with 10 ml of a 38.8 mM aqueous solution of sodium citrate under constant reflux for a period of 25-30 min. After the resulting ruby red suspension was fully cooled, it was sterilely filtered and stored in dark glass bottles at room temperature or refrigerated. Colloids produced in this manner are approximately 13 nm in diameter and spherical, and are stable in aqueous suspension for a period of months to years. Colloidal stability may be easily monitored via changes in the absorbance spectrum of the colloid: stable, 13 nm colloidal suspensions will have a plasmon absorbance maximum at 520 nm, which will shift to longer wavelengths and broaden as the colloid aggregates. 10 Colloidal gold suspensions were used as produced, at a particulate concentration of approximately 4.01 nM.
For colloidal gold conjugation to the fluorescent probe streptavidin-Alexa Fluor s 647 Conjugate, 1 ml of 10 mM aqueous EZ-Linkt sulfo-NHS-SS-biotin was added to 9 ml of colloidal gold suspension while stirring rapidly. The resultant suspension was allowed to react for 1 hr with constant stirring to allow gold-thiol bond formation, after which 100 ml of a 1 mg/ml fluorescent probe solution was added with gentle vortexing. Finally, after an overnight incubation in the refrigerator, the goldprobe conjugate suspension was separated from uncoupled reactants via centrifugal microconcentration using Microcon s YM-30 centrifugal filter devices (regenerated cellulose, MWCO 30-000) (Millipore Corp., Bedford, MA, USA). Suspensions were centrifuged in an Eppendorf Centrifuge 5415 C microfuge (Brinkmann Instruments, Inc., Westbury, NY, USA) at about 13000 g until the volume was reduced by B90%. The retentate was resuspended in deionized, filtered water and the process was repeated twice more until remaining reactant concentrations were reduced by a factor of 10 3 .
Colloidal gold was expected to be labeled with B10 fluorophores per colloid.
Plasmid
The pHygEGFP plasmid, encoding a fusion construct of the hygromycin resistance gene and the enhanced green fluorescent protein (EGFP) gene under control of the cytomegalovirus promoter, was purchased from Clontech (Palo Alto, CA, USA). Plasmid was amplified in Escherichia coli strain DH5a and purified via anion exchange chromatography using the QIAGEN s Plasmid Maxi Kit (QIAGEN Inc., Valencia, CA, USA).
Plasmid condensation
Plasmid DNA was condensed with colloidal gold and PEI using a modification of the condensation protocol employed by Boussif et al. 2 The desired amount of colloidal gold suspension was added to 10 mg of plasmid DNA in a sterile microtube, and the resulting solution diluted to 500 ml with 150 mM aqueous sodium chloride. The gold colloid and plasmid were mixed first so that the resulting solution would remain stable. A volume of 30 ml of PEI stock solution (0.45 mg/ml dissolved in water, neutralized with hydrochloric acid, and sterile filtered) was also diluted to 500 ml with 150 mM NaCl solution in another sterile microtube. The two condensation solutions were then allowed to stand at room temperature for B10 min. To promote complex formation, the plasmid/ gold solution was vortexed at a speed of '3' on a standard vortex mixer while the PEI solution was added dropwise. Finally, the transfection mixture was allowed to stand for another B10 min at room temperature to permit further condensation.
Variation of the charge ratio was accomplished by colloidal gold titration at constant plasmid and PEI concentrations. Colloidal gold surface charge density was estimated assuming hexagonal close packing of surface adsorbed AuCl 2 À anions, resulting in an estimated 0.258 mM adsorbed AuCl 2 À concentration in the gold suspension, or approximately 6.43 Â 10 4 anions per colloid. Using this estimate, and noting that the charge density of DNA is 3 nmol phosphate/mg, and that of PEI is 10 nmol amine/ml of stock solution, 2 the charge ratio could easily be adjusted via changes in the added colloidal gold volume. Without the addition of gold colloid to the transfection mixture, a charge ratio of 10 is obtained.
Morphologic analysis of condensed complexes
DNA complexes were imaged using atomic force microscopy. A Nanoscope IIIa atomic force microscope (Digital Instruments, Inc., Santa Barbara, CA, USA) was used with an oxide sharpened silicon cantilever (Thermomicroscopes, Sunnyvale, CA, USA) with a nominal spring constant of 50 N/m and a nominal radius of curvature of 20 nm. Tapping mode atomic force images were collected under ambient conditions at approximately 251C. For sample preparation, a modified version of the technique of Chan et al. 23 was used, where 10 ml of the desired suspension for imaging was pipetted onto freshly cleaved mica that had been mounted onto a magnetic puck. The mica was allowed to dry at room temperature for B5 min, after which it was washed three times with deionized water and allowed to dry B1 h at room temperature. Height and phase modes were used for imaging, with scan rates of B1 Hz and drive frequencies of B350 kHz. Image processing was performed using the Nanoscope IIIa software package.
The average size of the DNA complexes was determined using dynamic light scattering. Particle size distribution analysis was performed using the particle sizing application software on a Brookhaven Instruments The color of the DNA complex solution was also sensitive to complex size. UV-Vis spectra were acquired with a Cary 300 Bio UV-Visible Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) using 10 mm pathlength, quartz cuvettes, automatic background subtraction, and a measurement averaging time of 0.2-s.
Agarose gel electrophoresis
The fraction of DNA bound to colloidal gold/PEI complexes was estimated using agarose gel electrophoresis of the complexes as compared to a naked plasmid control. Complexes and plasmids were run in a 0.7% agarose mini gel in TBE buffer at 35 V for 3.5 h. Following electrophoresis, the gel was stained with ethidium bromide solution and then photographed in the dark under UV illumination.
Cell line and cell culture
CHO cells (A Linstedt, Carnegie Mellon University, Pittsburgh, PA, USA) were cultured in 10 cm culture dishes in Eagle's minimum essential medium, alpha modification (aMEM) (Sigma-Aldrich Corp., St Louis, MO, USA), supplemented with 10% fetal bovine serum (Mediatech, Inc., Herndon, VA, USA), streptomycin at 100 mg/ml (Mediatech, Inc.), and penicillin at 100 IU/ml (Mediatech, Inc.) in a 371C, 5% CO 2 incubated atmosphere. Cell passaging was performed using 0.25% trypsin/0.53 mM EDTA (American Type Culture Collection, Manassas, VA, USA) when cells were at approximately 90% confluence.
Cell transfection
Cells were seeded 24 h before transfection so that they could reach B50% confluence on the day of transfection. All experiments were done in triplicate. Immediately before transfection, cells were washed once with serumfree, antibiotic-free medium (SFM) and then 9 ml of SFM was added to each dish. Plasmid-colloidal gold-PEI transfection solutions were prepared as described above (1 ml total volume each) and added dropwise to the cells. After 5 h incubation with the transfection reagents at 371C, 5% CO 2 , cells were supplemented with 10 ml of 2x serum, 2 Â antibiotics medium and incubated for the remainder of 24 h. At this point, cells were washed once with Dulbecco's phosphate-buffered saline (DPBS) buffer (Sigma-Aldrich Corp., St. Louis, MO, USA) and fed with 10 ml fresh, complete medium.
Control transfections with LipofectAMINEt Reagent were carried out using the recommended procedure from Invitrogen Corp. product literature (http:// www.invitrogen.com/transfection/celltypes). As recommended, the initial transfection was performed in SFM, and then cells were supplemented with serum and antibiotics following a 5 h incubation. At 24 h posttransfection, the cells were washed once with DPBS buffer and fed with 10 ml of fresh, complete medium. Calcium phosphate transfections were done according to the recommended protocol described by Ausubel. 24 Finally, transfections with naked DNA were done by suspending plasmid DNA into 1 ml of SFM and then adding this mixture to cells that had been washed once with SFM and then covered in 9 ml SFM immediately prior to transfection. Cells were washed once with DPBS buffer 24 h post-transfection and then fed with 10 ml of fresh, complete medium.
Analysis of cytotoxicity
The trypan blue cytotoxicity assay was performed as described in Mediatech, Inc. (Herndon, VA, USA) product literature (http://www.cellgro.com/tech/index.cfm), using an Olympus BH2HLSH light microscope with a X 10 objective for cell counting.
Analysis of reporter gene expression
Fluorescent images were taken with a Carl Zeiss IM35 microscope (Carl Zeiss, Oberkochen, Germany) using a 75 W xenon lamp, a Zeiss Neofluar X 40 1.3 N.A. objective lens, and a Photometrics 250 series cooled CCD camera (Photometrics Ltd., Tucson, AZ, USA). The standard EGFP filter set from Chroma was employed for fluorescence excitation and analysis (excitation 470/ 40 nm, emission 525/50 nm) (Chroma Technology Corp, Braddleboro, VT, USA). At 48 h post-transfection, cells were split at a ratio of 1:2 into 24 well plates containing glass coverslips and grown overnight. Cover-slipped cells were then washed once with DPBS buffer, fixed in 3% paraformaldehyde for 10 min, and then washed again in DPBS. Coverslips were mounted onto one drop of Fluoromount Gt mounting reagent on glass microscope slides and sealed with rubber cement. All image analysis was carried out with BDS-Image software (BioDetection Systems, Pittsburgh, PA, USA).
Flow cytometry on transfected cells was performed with an Epics Elite (Coulter Corp., Miami, FL, USA) flow cytometer. EGFP fluorescence was measured using a 15 mW, 488 nm argon laser for excitation and a 525 nm band-pass filter with a 25 nm bandwidth. Cells were harvested 48 h post-transfection and prepared for analysis by trypsinization and resuspension in fresh, complete medium, followed by cell collection by centrifugation. Cells were then resuspended in DPBS buffer (B1 ml buffer per dish), filtered through a 35 mm nylon mesh to remove cell aggregates, and kept on ice until analysis. Scattering plots were gated for cell selection and a total of 25 000 cells were counted for each cell sample.
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